ABSTRACT Measurement of the full disk Ca n H and K profiles has now been completed from minimum to maximum in the current solar cycle 21. The central intensity of the K line increases by 30% on the average, but a peak change of -1-40% was recorded near the maximum of solar activity in late 1979. The 1 A K index shows a corresponding but smaller increase of 18%. These changes in the Sun viewed as a star appear to be directly attributable to the occurrence of solar plages on the visible solar hemisphere. Similar measurements of a TX3' quiet region at disk center show no significant systematic variability. This suggests that the quiet network has no long-term variability in the rising phase of the solar cycle. Ca n K Une widths and asymmetries also show systematic changes associated with the degree of solar activity. In general, spectral features formed above the temperature minimum are all closely correlated in their variability, but they are not well related to changes in the strength of narrow photospheric Unes and the K x wings. Ca n variability correlates very closely with the plage index, the Zurich sunspot number, and the Ottawa 10 cm flux measurements. The observing program will continue into the declining phase of cycle 21, so we will have the opportunity to test the constancy of our correlations in a different phase of the cycle when the rate of sunspot formation is decreasing and when Ca n variability may be influenced more by the remnants of active regions formed earlier.
I. INTRODUCTION Our observing program to measure the H and K line profiles throughout solar cycle 21 has continued at a rate of one observing session per month at Kitt Peak, and we now have a good record of the calcium profile variation from 1974 October through solar minimum in 1976 June and up to 1980 October. Although at the time of this writing the sunspot number data has not unequivocally signaled the occurrence of solar maximum for this cycle, the annual averages of the Zurich data reached high values of 165 in late 1979 and early 1980. This is already much higher than the previous maximum of R z = 100 for cycle 20 and is close to the value of 180 for cycle 19, which was the strongest solar cycle ever recorded.
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Our record then gives the variation of the Ca ii lines during the rising phase of a strong solar cycle. Since we are now at or very near the time of maximum solar activity, we have measured the variability of strong chromospheric Unes during that part of a solar cycle when the rate of production of sunspots and the level of solar activity has been steadily increasing from minimum values observed in 1976. Thus far, the Ca n variability appears to be solely from the occurrence of active regions on the visible disk; but during the coming decline of solar activity for cycle 21 when the sunspot production rate falls, we expect our measurements to indicate whether the chromospheric network contributes to the observed variability through the disintegration and dispersal of active regions into the smaller magnetic structures associated with the network. If the network is a significant contributor to long-term chromospheric variability, then we expect the Ca ii emission to fall more slowly than the number of active regions during the declining part of this cycle. The nature of the observed profile variation is best illustrated by Figure la. Calibrated full disk profiles, measured 1976 December 2 and 1979 December 10, are superposed in the same plot. The principal variation is clearly located in the central 1 À of the line core. The variation in the line wings evident in this figure is not significant and reflects observational noise in our reference intensity measurements. Since we also monitor the K profile in quiet areas near disk center and find no dependence on the cycle (see § IVa), the change seen in Figure la apparently arises from the active Sun, i.e., plages. Figure lb compares, at TX3' resolution, profiles in an active region and the nearby quiet disk. Even though the active region profiles broaden substantially at their bases in the minimum and brighten in the wings, the principal variation is still confined to the central 1 À of the line.
In the following pages we describe the changes in our observing program, some of the characteristics of the apparatus as seen over a longer time base, and the detailed time variation of line parameters measuring the variability of line intensities, widths, and asymme-WHITE AND LIVINGSTON tries during the rising phase of solar cycle 21. In the earlier Ca n paper of this series (White and Livingston 1978 , hereafter Paper II) we describe the observing program and our results for the solar minimum epoch; therefore, this earlier publication serves as a basic reference and should be consulted to obtain the full picture of this project.
II. COMMENTS ON THE OBSERVATIONAL APPROACH AND DATA REDUCTION PROCEDURES
The basic apparatus at Kitt Peak described in Paper II continues to be used on a monthly basis, and the same reduction method produces the updated archive after each run. A new set of blocking filters was purchased for exclusive use in this program, and the procedure for setting the predisperser was refined to improve repeatability; but neither of these perturbations changed our relative intensity values.
In order to monitor the broad-band stability of the McMath spectrometer, several new continuum reference bands were added to the observing sequence; therefore, a single observing sequence now covers the seven spectral regions listed in Table 1 . All five of the reference bands contain one absolutely calibrated point tabulated by Houtgast (1970) , and the À3883 band covers the CN band head as well. Some of our original intensity points he very close to weak emission Unes of the rare earths; and even though these lines do not show any detectable variability in our measurements, the positions of our references were adjusted slightly to remove any possible influence of these emission Unes. The entire data set beginning in 1974 was reduced again using these new procedures and reference points with the result that there was no change in the final chronology of the K Une parameters. All plots and tables in this paper give values from the new archive.
III. VARIABILITY OF CALCIUM II LINES a) Line Intensity Parameters
This program was started specifically for the measurement of Une intensity variation in the centers of the solar H and K lines, and our results for both the full solar disk and a T X 3' region at disk center are shown in Figures 2 and 3 . The full disk measurements have a clear solar cycle variation, i.e., between 1975 and 1980, the K 3 intensity and the 1 A K index increased by 30% and 18%, respectively. These two values are averages computed from the maximum activity period in 1979 December and 1980 January, and there is a considerable spread from 19% to 42% for the central intensity and 11 % to 21 % for the 1 Á K index. Since we are now in the maximum phase of cycle 21, these values define the degree of variation of the central 1 À of the K line of the Sun viewed as a star.
In contrast, the companion measurements made at the center of the solar disk by optically averaging over a TX3' area show no significant variation during the minimum to maximum phase of the current solar cycle (see Fig. 3 ). The average K 3 intensity for the minimum period from 1974 October to 1977 June is 0.0487 ± 0.0009 compared to 0.0463 ±0.0009 for the maximum period from 1978 June to 1980 June. The 1 Á K index is even more constant with the average value during the minimum epoch being 0.0718 ± 0.0004, compared to 0.0716 ± 0.0005 for solar maximum conditions. The spatial averaging extends ± I o on each side of the center of the disk and will therefore traverse a ±8° band around the solar equator corresponding to the ±7 o 2? 0 variation during each year. In the rising phase of the activity cycle, active regions rarely form in this band. This known solar "avoidance" effect, plus our own bias toward quiet solar regions for these observations, appears to have yielded a record of the quiet chromosphere without any measurable systematic chromospheric variation from solar minimum to maximum. We conclude that, without contributions from the dissolution of active regions, the chromospheric network does not participate in the solar cycle variation. Any effects of the network in the overall K line variation must then come from the mid-latitudes where the active region evolution is taking place, but our measurements to date do not permit the identification of network variability originating in the sunspot belts. Figure 4 shows the variation of the intensity ratio of / K 2k to / K3 for both the full disk and center of the disk Skumanich (1967) points out that the K2/K3 ratio is proportional to the square root of the chromospheric optical depth. At the center of the quiet disk, the intensity ratio remains constant to within the scatter in the measurements. The variation of reference points at 3935.046 Â in the near wing of the K line and at 3954 Á midway between the H and K lines is shown in Figure 5 for comparison with other line parameters. These intensities are obtained only from the calibrated runs (see Paper II); therefore, they describe the relative variation between the wings of the K Une and our reference continua. At most, the Kj intensity at 3935.046 À shows a systematic increase of 1% over the 5 year period, a value comparable to variations in Unes of photospheric origin (Livingston and Holweger 1981, hereafter Paper IV) . However, much further out in the wings at 3954 Á no significant variation can be seen (Fig. 5b) . These results again emphasize that the measurable variabiUty in the full disk Ca ii spectrum is largely confined to the central 1 Á of the K Une. Indeed, in individual active regions (see Fig. \b ) the Une wings do increase in brightness, but this contribution is well masked in full disk spectra by the quiet region profiles from other parts of the disk.
b) Line Asymmetry
In our reduction process we extract a parameter, V/R, that is the ratio of the strength of the red and blue K 2 emission peaks measured above the intensity level in the K 3 core. The run of this asymmetry parameter since 1975 is shown in Figure 6 . The Une asymmetry remained constant through solar minimum until 1977 September when V/R decreased from its value at solar minimum of 1.30 to a value of 1.23 characteristic of maximum activity conditions during the last 18 months. Consequently, the average K Une profile becomes more symmetric as the level of activity increases. This change can also be seen in Figure \a where profiles for quiet and active solar conditions are superposed. Complete Une symmetry never occurs in the full disk spectrum even though individual active regions may have K 2 peaks of equal strength. The mean K 2 asymmetry for the quiet Sun, as shown in Figure 6b for the disk center measurements, has a similar downward trend with time thus far, but the scatter in the measured values is obviously much greater. The mean value of the V/R ratio is also substantially greater (^ 1.43 vs. « 1.30) than the full disk values.
The full disk Une profiles also show a related effect in the wavelength of K 3 relative to the center of symmetry for the broad Une wings: at solar minimum K 3 is systematically shifted +0.012 À from the center of the wing profile. As the cycle progresses, this redshift of the chromospheric emission decreases to about +0.008 Â at solar maximum. This systematic shift between chromospheric and photospheric Unes is confirmed by calculation of the center of K 3 using Fe 1 X3932.636 as a wavelength reference, i.e., the position of K 3 shifts from 3933.680± 0.0001 À to 3933.677±0.0002 Á during the rise from solar minimum to maximum as shown in Figure la . The results from the V/R asymmetry parameter and the shift between the wing profile and K 3 are consistent since the chromospheric spectrum is always shifted to the red of the photospheric spectrum for the full disk averages. Individual active regions, however, show a wide variation in the relative position of the chromospheric and photospheric parts of the Une, i.e., both red-and blueshifts of K 3 are observed in plages.
How can full disk Une asymmetries be interpreted in terms of resolved disk observations? The average spectrum of the quiet disk indicates a presence of systematically downflowing material into the bright chromospheric network surrounding the supergranulation cells (see Noyes 1967 for a summary). The observed red asymmetries and shifts are direct evidence of compressive motions acting between the chromosphere and photosphere. The 0.012 Á shift between Kj and K 3 at solar minimum corresponds to a relative downflow of -1 km s _1 , but the decrease of this displacement with increased activity does not necessarily imply a cycle variation in the network flow velocity. As the number of active regions on the disk increases, the full disk spectrum begins to receive substantial contributions from plage emission in the K 232 part of the Une; but since the plage profiles seem to have no strong bias toward redshifts ofK 3 , the aggregate effect of solar active regions on the average spectrum is to decrease the observed redshift between K 3 and K v This simple quaUtative explanation is consistent with our earUer conclusion that the observed variabiUty in intensity parameters arises form the plage contribution in the full disk average.
Examination of the spectra made near disk center in quiet regions shows a wide o variation in the position of K 3 ranging from 3933.675 Á to 3933.692 Á. To date, the K 1 -K 3 displacement measured in these quiet regions appears to decrease with time, but the scatter in the points and their nonuniform distribution in time makes the reaUty of this trend doubtful. Once again, we find no convincing evidence for variabiUty of the quiet chromosphere near the solar equator. points between the K 2 peak and Kj minimum on both sides of the Une. This emission width varies in the opposite direction from the K 3 width, i.e., it increases by 2% during the rise to the current maximum activity level. In wavelength units, this change corresponds to an increase in the emission width from 0.462 À to 0.495 Á or +0.033 À. As can be seen in Figure Id , the small increase is clearly significant relative to the noise in the measurements. This change is again consistent with the observed broadening of the K l region in plage spectra (for an example, see Fig. \b ).
increases. Also Figure 7 shows line width parameters indicative of changes in the K 2 region of the line. In Figure lb , we plot our measures of the separation between the two emission peaks. The separation of the peaks narrows by 0.02 Á from 0.376 À at minimum to 0.356 Á at maximum. This change is consistent with the observed narrowing of the K 3 absorption core in plage spectra. Figure 7c shows the variation of the wavelength separation between the minima for comparison with the K 2 peak separation just discussed. The K x separation clearly increases with time into the solar cycle thus far. The base of the emission profile (K 232 ) thus widens while the central reversal (K 3 ) narrows. Table 2 gives the mean K x separations computed for the minimum and maximum epochs from full disk measurements as well as the corresponding values computed from the center disk data. Both full disk and center disk separations increase by a statistically significant amount; therefore, this is the first evidence of a significant variation in the quiet inactive Sun as defined by our measurements at the Sun center. The change is, however, much larger for the entire disk, amounting to a 20% increase; while the separation at Sun center increases by only 3% from solar minimum to maximum. Figure Id shows the run of the so-called Wilson-Bappu parameter, which is a logarithmic measure of the width of the total K 2K -K 2/? emission feature. In practice, we compute the wavelength separation of the half intensity IV. OTHER LINES Besides H and K, we maintain records of the intensities and equivalent widths for the weak Evershed emission lines in the wings of H and K, for the CN band head at 3883 Á, and for those few photospheric lines which are relatively unblended. Table 3 lists these Unes and summarizes their variabihty.
The Evershed Unes of the rare earths appear on full disk spectra as emission bumps hardly more than 1% high on an already depressed local continuum. Since emission is normally attendant to non-LTE processes, we expected that these Unes might strengthen with the onset of maximum. However, no change has been seen within our sensitivity of ±10%, indicating the continuum opacity and photospheric temperature distribution are rather invariant to activity (Canfield 1971) .
Our CN index is defined by a window 0.290 Á wide, with the redward edge coincident with the band head at 3883.290 À. Sheeley (1971) demonstrated that the CN band strength weakens cospatially at high resolution with photospheric magnetic fields. Since the monitoring of the CN index did not begin until 1978 December, the solar cycle variation of +4% is inferred by determining first the relative sensitivity of day-to-day variation in CN relative to the intensity of K 3 , and then extrapolating the CN data to solar minimum using the minimum value of K 3 . We infer a CN band head weakening width by 4% over the cycle. The blend-free photospheric lines are mostly from neutral iron, ranging in excitation potential from 1.5 to 3.5 volts. In common with other parts of the spectrum, the average weakening in equivalent width is «0.8% from solar minimum to maximum (Paper IV). Unlike the H and K lines' rather rapid response to cycle 21 activity beginning in 1977 (see Fig. 2a ), this photospheric line change has been more-or-less linear over the five year data interval.
In 1974, Stepanyan and Shcherbakova (1978) acquired several full disk spectra during the declining phase of cycle 20 which included the rare-earth line of Nd ii 4021.333 À. Their spectra show this Nd n line to be variable by a factor of 2 in a 3 month interval, while adjacent iron lines remained sensibly constant. Our records of Nd n contain at most a 2% peak-to-peak variation over 5 years. Assuming the Crimean and Kitt Peak observations are equally valid, the suggestion follows that the decline of the present cycle may display line intensity variations rather different than the rising portion reported herein.
V. CORRELATIONS
The superposed minimum and maximum K profiles of Figure 1 suggest correctly that most of the spectral variation is observed in the K232 core, but, to a lesser degree, significant variation is found in the nearby Kj wing and in certain other spectrum lines. Having specified the solar cycle variation of K 3 intensity, we can quantitatively relate the behavior of the other line parameters through their temporal correlation with K 3 intensity. Figure 8 shows four of these correlations between line parameters derived from the K line core measured for the full disk. Table 4 gives the slope {A) and intercept (B) for the K 3 intensity correlations. A simpler appraisal is given by the coefficient C, which equates a percentage change in K 3 intensity to a percentage change in other parameters and indices. The table entries are arranged in order of decreasing sensitivity to change. For instance, we find the 0.5 À index behaves virtually the same (85%) as K 3 intensity, but opening the window to 2.0 Á reduces response to 37%. Stellar observers may take note of the 15% sensitivity in Ca 11A8542. This low modulation may be more than compensated for by the better signal-tonoise ratio obtained with silicon detectors used for the observation of late-type stars; thus, the realizable sensitivity may be comparable to that from the more difficult H and K observations.
Of particular interest is the positive correlation of Kj wing intensity with K 3 intensity. Note that this refers o specifically to the inner wing at 3935.046 A, i.e., 1.37 À redward of line center. Further out, the correlation diminishes until, for photospheric lines such as Ti 11 X5381, the relationship disappears. As shown in Paper IV, Ti ii X5381 and most photospheric lines appear to have weakened linearly over our 5 year data base. This is in contrast to the chromospheric lines that have closely tracked the more sporadic behavior of solar active regions.
Some preliminary results on He XI0830 are included in Table 3 and shown in Figure 9 . In contrast to the H and K lines, and photospheric lines for that matter, He XI0830 strengthens with increased activity. Because the line may be "pumped" by coronal He 11 X304, the correlation with the K 3 intensity is only fair.
Finally, we show in Figure 10 the excellent correlation between the K 3 intensity and the Mount Wilson Plage Area Index, Zurich sunspot number, and 10 cm Ottawa flux. It is this tight correspondence that leads us to conclude that active region plage is the principal cause of full disk H and K variation.
VI. SUMMARY
Our results on the degree of variability in the Ca 11 lines for the full solar disk agree quite well with the prediction made by Sheeley (1967) , i.e., he forecast a 40% increase in K 3 intensity from minimum to maximum, while we find a mean variation of 30% with a range from 19% to 42%. This increase in the chromospheric emission is accompanied by a decrease in the asymmetry in the K line. Since our results for the quiet Sun in § Ilia show the K 3 intensity and the 1 À K index to be constant to within 5% and 0.3%, respectively, over the same period, we conclude that all of the changes in the K line arise from the addition of active region emission to that from the remainder of the quiet solar disk.
This conclusion is supported by the correlation study described in § V. The K 3 intensity parameters are well correlated with the common activity indices, such as the Zurich sunspot number, plage index, and 10 cm flux. In addition, the K 3 variability correlates well with other spectral features formed in or above the temperature minimum, i.e., Ca 11 X8542 and the CN band. The K 3 correlation with the small increase in the Kj wing intensity is positive but of marginal significance. In general, chromospheric activity indicators all correlate well but appear to be uncoupled from photospheric lines, i.e., Kj, Fe I, etc. Throughout the preceding discussion, we emphasize the lack of any measurable change in the intensity parameters for 1' X 3' quiet regions near the center of the^ solar disk. This can be an important result since it trears on the stability of the basic supergranulation flow processes during a solar cycle. However, we must also point out the higher noise level in the center disk measurements. The peak-to-peak ranges for the K 3 intensity and the 1 Á K index shown in Figure 3 are 30% and 17%, respectively. The higher noise levels in this class of our measurements are inherent to the use of a l'X3 / averaging aperture, an area which encloses approximately four mean supergranulation cells and their associated bright network. Since the aperture necessarily falls randomly in the irregular supergranulation cell pattern, we expect substantial noise from just the variable amount of network in the aperture from observation to observation. The measurements at the Sun's center are quieter than we expected from simple preliminary calculations. Even though we admit to a lack of sensitivity in determining the properties of the quiet solar regions because of the use of the spatial averaging, the results indicate a lack of significant variability in the quiet chromosphere. Clearly, the only way to improve WHITE AND LIVINGSTON on the quality of this result is to undertake a more detailed high-resolution study lasting many years, and this is not part of our present program. The continuing study of the Ca n spectrum of the Sun and other stars by Linsky and his collaborators is very relevant to the understanding of our spectra, and Ayres (1979) , in his development of scaling laws, gives a very useful summary of interpretative tools for chromospheric line profiles. In particular, characteristic widths of the various features in self-reversed emission lines, such as Ca n K, are hypothesized to vary in particular ways as the degree of stellar activity increases. The principal effects are the increase in nonradiative heating in a solar plage and the resulting change in the temperature gradient in the line formation region. Aside from the asymmetries in the solar profiles, our data shown in Figure 1 are very similar to Ayres's (1979, Fig. 2b ), where one sees the progressive strengthening of the K232 emission as the nonradiative flux increases. These variations in the theoretical profiles show the same characteristics as in our measured K^/K^ ratio (see Fig. 4 ), i.e., the central absorption feature has the same depth even though the total emission increases markedly.
Concerning line widths, Ayres (1979) shows that the separation of the K 2 maxima decreases with increased chromospheric emission while the separation of the Kj minima varies in the opposite sense. We compute the K 2 separation (see Fig. lb) \ and, indeed, it decreases with increasing solar activity as we expected from the increasing plage profile contribution to the full disk spectra. The full disk measurements of the separation of K, minima show an increase of 0.587 ±0.001 Á to 0.699 ± 0.002 A, from solar minimum to maximum, and again this agrees with the sense of the Ayres conclusion that the base emission width increases with the heating rate. Both of these theoretically derived relationships are shown in Ayres's Figure 3 .
The Wilson-Bappu parameter, which is a logarithmic FWHM for the reversed emission profile, lies intermediate to the two widths discussed above for the Kj and K 2 separations. Although this width measure is easily derived from solar and stellar spectra, it is not easily represented in a simple scaling law as are the Kj and K 2 separations. Nevertheless, Ayres (1979) calcuAyres, T. R. 1979 , Ap. J., 228, 509. Canfield, R. C. 1971 , Astr. Ap., 10, 64. Houtgast, J. 1970 , Solar Phys., 15, 273. Livingston, W. C, and Holweger, H. 1982 (Paper IV). Noyes, R. W. 1967, Aerodynamic Phenomena in Stellar Atmospheres, ed. R. N. Thomas (New York: Academic Press).
lates both empirical and theoretical estimates for this width parameter and concludes that it remains constant with only a slight tendency toward a decrease for strong K 2 emission. As Figure 8 c shows, we find the opposite behavior in the full disk data, i.e., our empirical WilsonBappu parameter increases steadily with increasing line strength. In the center disk data, however, this width parameter shows no sensible change for the quiet Sun. The origin of the discrepancy between the variation of Ayres's theoretical and our empirical estimates of the Wilson-Bappu parameter is not known, but the empirical estimates are certainly affected by the line asymmetries not included in the theoretical work. In spite of that, the least ambiguous width parameters, the K, and K 2 separations, vary in the same sense as predicted by existing theory. As Livingston and Holweger (1981) point out, photospheric lines have weakened systematically as cycle 21 progresses, but there is an interesting difference in the nature of this photospheric variability and the variability for the chromosphere. The K 3 intensity remained relatively constant through 1976 and 1977 until the solar activity began to increase late in 1977 (see Fig. 2 ), but over this same time span the photospheric lines were changing almost linearly. The photosphere appears to be undergoing a slower and more steady change during the solar cycle, and this variation is not related in detail to the presence of active regions on the disk.
As cycle 21 peaks out and begins its decline, the characteristics of the Ca 11 K line will be compared with results obtained from the rising phase of the cycle. Changes associated with a decrease in activity should help confirm the trends reported here; but more important, any changes in correlations between chromospheric lines and activity indices should help in the identification of the source of Ca 11 variability in the declining phase of a stellar cycle.
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